We use first-principles density functional theory calculations to investigate the ground-state structure of sulfide perovskite BaZrS 3 . The material has a lower band gap than its oxide analog BaZrO 3 . Neither are ferroelectric in the ground state at T = 0 K. We also examine the IR-active phonon contributions to the dielectric constant ⑀ of BaZrS 3 , which are then compared to those of BaZrO 3 . The roles of atomic size, mass, and covalency are discussed with regard to band gap and dielectric response.
I. INTRODUCTION
The flexible structure of ABX 3 ͑X =O, S͒ perovskites lends itself to a variety of applications, depending upon the choice of A-and B-site atoms. It can be characterized according to the well-established tolerance factor, t, given by
where R A−X is the sum of A and X ionic radii and R B−X is the sum of B and X ionic radii. 1 Tolerance factor t Ͻ 1 usually leads to the rotation and expansion of the B-X 6 octahedra. Such octahedral rotations often generate a low-temperature antiferroelectric phase ͑e.g., PbZrO 3 ͒. If t Ͼ 1, the B-X 6 octahedra are stretched from their preferred B-X bond lengths, promoting B-cation distortions by creating room for the B-cations to move off center. Therefore, simple perovskites with t Ͼ 1 are usually ferroelectric. For example, when Pb and Ti are paired as A and B, respectively, these cations move in a concerted manner, so PbTiO 3 ͑t = 1.02͒ is ferroelectric. Ferroelectric ABO 3 oxides are sensors in sound navigation and ranging ͑SONAR͒ devices and are also useful for nonvolatile random access memory ͑NVRAM͒ devices. When Ba and Zr are paired, the resulting oxide ͑t = 1.00͒ is a dielectric with no polarization. Dielectric ABO 3 oxides are important to the wireless communication industry as components in electroceramic capacitors. Also of interest are solid solutions which contain either more than one type of A-site ͑AAЈBO 3 ͒, more than one type of B-site ͑ABBЈO 3 ͒, or both ͑AAЈBBЈO 3 ͒. While many variations in the cation composition have been intensely studied, the impact of the chemical changes on the anion site has received less attention. For example, as of yet, pairing of anion O with S in a completely perovskite ABO 3−x S x phase has not been explored.
The class of materials known as oxysulfides shows that an oxygen deficient perovskite-like phase is present as one component of a layered intergrowth phase, which is unlike the classic Ruddlesten-Popper phase of formula AO͑ABO 3 ͒ n . In the oxysulfide intergrowth phases, the perovskite-like layer alternates with layers of either rock salt 2 or fluorite/ antifluorite phases. [3] [4] [5] [6] To complicate matters further, the perovskite-like phase can also be found amidst both phases, 7 however in all cases, it is anion deficient.
To our knowledge, sulfide perovskites have not previously been modeled with electronic structure calculations. Sulfur analogs of perovskite oxides have been synthesized; [8] [9] [10] however many contain impurity phases that hinder studies of the pure solid, specifically the electronic structure and the dielectric properties. 11, 12 In this work, we investigate the ground-state atomic structure of BaZrS 3 , its electronic structure, and the dielectric response. We then compare these properties to BaZrO 3 .
II. METHODOLOGY
In this study, an in-house solid state density functional theory ͑DFT͒ code, BH, employed in previous studies 13, 14 is used to relax ionic positions. Lattice constants are optimized using the ABINIT software package. 15 The local-density approximation ͑LDA͒ of the exchange-correlation functional and a 4 ϫ 4 ϫ 4 Monkhorst-Pack sampling of the Brillouin zone 16 are used for all calculations, except for the response function and Berry phase polarization calculations, for which a 6ϫ 6 ϫ 6 grid was used. 17 All atoms are represented by norm-conserving optimized 18 designed nonlocal 19 pseudopotentials, generated with the OPIUM code. 20 The calculations are performed with a plane-wave cutoff of 50 Ry.
Once the structure is fully relaxed, response function 21, 22 calculations are performed with ABINIT to generate D ␣␤ ͑i , j͒, the mass weighted dynamical matrix:
where E is total DFT energy, m i ͑m j ͒ is the mass of atom i ͑j͒, and i␣ ͑ j␤ ͒ are the displacements of atom i created in direction ␣ ͑atom j in direction ␤͒. Each eigenvalue of matrix D is 2 , the frequency squared of a normalized eigenvector a .
The Born effective charge tensors Z i␣␤ ‫ء‬ are also calculated for each atom. Each mode has a mode effective charge, Z ␣ ‫ء‬ , defined as
Contributions to the dielectric response arise only from the infrared ͑IR͒-active modes. 23 These modes have a nonzero Z ␣ ‫ء‬ and are used to calculate ⑀ , the contribution to the dielectric constant from mode ͑Ref. 24͒ as
where the total ionic contribution is
It should be noted that the quantity in Eq. ͑4͒ is the isotropic ⑀ averaged for a powder. Calculations are performed for a perfect crystal. The powder average is obtained by taking one-third of the trace of the dielectric tensor of the perfect single crystal.
III. RESULTS
In both BaZrS 3 and BaZrO 3 calculations, a 2 ϫ 2 ϫ 2 supercell is used to model any possible three-dimensional perovskite tilt system. [25] [26] [27] We have shown previously that at low temperatures, the ground state of BaZrO 3 is not a highsymmetry 1 ϫ 1 ϫ 1 unit cell, but a 2 ϫ 2 ϫ 2 supercell with a Glazer tilt system a − b − c − , or P1 symmetry. 14 We find that for BaZrS 3 the tilt system at low temperatures is a − a + a − or Pnma symmetry, which agrees with experiment. 9 Both the lattice constants and atomic positions agree well with published data, as shown in Table I .
We find that the ground-state structure of BaZrS 3 is antiferroelectric ͑AFE͒, in line with expectations since t = 0.95. This is unlike BaZrO 3 ͑t = 1.00͒, for which the cation displacements are negligible, and the material exhibits paraelectric behavior at all temperatures. For BaZrS 3 , the cations move largely in two of the three Cartesian directions, in an antiferroelectric pattern different from that of the classic PbZrO 3 ͑PZO͒ AFE material. In relaxed PZO, O 6 rotate into an a − a − c 0 ͑Pbam symmetry͒ pattern which permits concerted cation displacements along ͑111͒. 28 In BaZrS 3 , the displacements allowed by the tilt system are better described as ͑101͒ than ͑111͒. This is because the in-phase tilts along b prevent A cations from moving along b ͓Fig. 1͑b͔͒, while allowing motion along a and c. The average displacements of Ba and Zr ions in BaZrS 3 are 0.36 and 0.07 Å, respectively. The larger Ba displacements are caused by the increased volume of its S 12 cage, when compared to its O 12 cage in BaZrO 3 . The ratio of ionic radii of the anions S and O is 1.3. Such an increase in the A-site volume ͑relative to the size of the A cation͒ has been shown to give rise to large off-center distortions even for simple metal cations with no stereochemically active lone pair. 29 The increased displacements and increased volume of BaZrS 3 affect the effective charges of each species as well. In BaZrO 3 , the diagonal elements of the effective charge tensor were equal for each atom of one species, as shown in the first half of Table II . In BaZrS 3 , however, the AFE cation displacements cause the effective charge for motion in the x and ẑ directions to be different than the effective charge for ŷ, the direction of the smallest displacement.
Although the Z ‫͑ء‬T͒ values of Ba are similar for BaZrO 3 and BaZrS 3 , the values for Zr are increased by substituting S for O. This is due to the greater covalency of the Zr-S bonds when compared to the Zr-O bonds. The Born effective 
FIG. 1. ͑Color online͒ Shown here is the relaxed 2 ϫ 2 ϫ 2 BaZrS 3 supercell. Ba ͑blue͒ is located at the corner of each supercell image, and Zr ͑gray͒ is inside each corner-sharing S 6 ͑red͒ octahedron. The tilt angle of S 6 cages, 12.2°, is out of phase along ͑a͒ a and ͑c͒ c, and ͑b͒ in phase along b. This indicates Pnma symmetry, which agrees with experiment. charges of the S atoms are correspondingly greater than those of the O atoms in BaZrO 3 . An additional difference is that the highly distorted structure of BaZrS 3 gives rise to a range of effective anion charges, not present in BaZrO 3 , where distortions away from high symmetry are relatively small. The effect of the increased effective charges is negated by the antiferroelectric cation displacements. This results in a decreased mode effective charge, which causes a weaker dielectric response of BaZrS 3 material when compared to BaZrO 3 .
Our calculations find that the ionic part of the BaZrS 3 dielectric constant ⑀ is 20% smaller than for BaZrO 3 , 36 
FIG. 2. ͑Color online͒ Pictured here are the three sets of BaZrS 3 IR-active phonon modes that contribute to ⑀. Ba ͑blue͒ is located at the corner of each supercell image, and Zr ͑gray͒ is inside each corner-sharing S 6 ͑red͒ octahedron. Green arrows indicate the direction of displacement for each normalized phonon mode. ͑a͒ shows one of the lowest-frequency modes, the Ba-S based Last modes. This mode occurs at 72 cm −1 . The second set, ͑b͒, ͑c͒, and ͑d͒, are Zr-S based modes that contribute the most to ⑀ and occur at 116, 124, and 125 cm −1 , respectively. The final set, ͑e͒ and ͑f͒, are S 6 modes, which occur between 270 and 300 cm −1 .
and 45, respectively. This is mainly caused by the large increase in BaZrS 3 volume and smaller mode displacements, as compared to BaZrO 3 . We observe that the frequencies of the BaZrS 3 phonon modes shift to lower frequencies for all motions, as expected with the heavier S atom; however, their contributions to ⑀ are not increased when compared to BaZrO 3 . The mode effective charges of BaZrS 3 are not as large as in BaZrO 3 , thereby decreasing the dielectric response of the Ba-based Last modes, even at lower frequencies. This is caused by the antiferroelectric cation displacements as well as the increased covalent character of all Ba-S bonds. These two effects weaken some Ba-S bonds, which is not seen in BaZrO 3 . The lower mode effective charges ͑as opposed to the Ba Born effective charge which is slightly higher in BaZrS 3 compared to BaZrO 3 ͒ are also due in part to the much larger mass of S atom ͑as compared to the O atom͒ giving smaller mode displacements. An example of the Last mode of BaZrS 3 is shown in Fig. 2͑a͒ . This same effect is not as drastic for the Zr-S based modes, all three of which are Table III and then for BaZrS 3 in Table IV . Total ⑀ is the sum of ⑀ ϱ and ⑀ . The calculated ⑀ ϱ of BaZrO 3 is 4.9 and 9.6 for BaZrS 3 . This difference is caused by the increased covalency of Ba-S and Zr-S bonds when compared to Ba-O and Zr-O bonds, also present in the differences in the Z ‫͑ء‬L͒ components shown in What is similar in both cases is the nature of the highest occupied molecular orbital ͑HOMO͒, composed mainly of anion p states. However, in BaZrS 3 the lowest unoccupied molecular orbital ͑LUMO͒ is a set of states that includes some S 3d character, indicative of the covalent nature of the Zr-S bonds in BaZrS 3 . This effectively lowers the energy of the LUMO. This mixing of d states does not occur in BaZrO 3 , as O does not contain d orbitals close enough in energy to mix. These states have a lower energy in BaZrS 3 than in BaZrO 3 , lowering the DFT band gap from 3.9 eV ͑BaZrO 3 ͒ to 1.7 eV ͑BaZrS 3 ͒.
IV. CONCLUSION
We have presented the first DFT study of BaZrS 3 , including static structure relaxation, vibrational analysis, and dielectric response. We found that ⑀ for BaZrS 3 is less than BaZrO 3 . The larger unit-cell volume ͑lower atom density͒ of BaZrS 3 decreases the mode contribution of each to ⑀. Berry phase calculations show that unlike BaZrO 3 , BaZrS 3 is not paraelectric, but antiferroelectric, with large displacements of Ba in BaZrS 3 . The decrease in band gap of BaZrS 3 when compared to BaZrO 3 is driven by the mixing of unfilled S 3d states with empty cation d states in the LUMO.
(b) (a) FIG. 3 . ͑Color online͒ PDOS analysis shows that the electronic structure of ͑a͒ BaZrO 3 differs greatly from ͑b͒ BaZrS 3 . Contributions from Ba are labeled in black, Zr in red, and O in green.
